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ABSTRACT
We study the connection between the observed star formation rate-stellar mass (SFR-M∗) relation
and the evolution of the stellar mass function (SMF) by means of a subhalo abundance matching
technique coupled to merger trees extracted from a N-body simulation. Our approach consist of
forcing the model to match the observed SMF at redshift z ∼ 2.3, and let it evolve down to z ∼ 0.3
according to a τ model, an exponentially declining functional form which describes the star formation
rate decay of both satellite and central galaxies. In this study, we use three different sets of SMFs:
ZFOURGE data from Tomczak et al.; UltraVISTA data from Ilbert et al. and COSMOS data from
Davidzon et al. We also build a mock survey combining UltraVISTA with ZFOURGE. Our modelling
of quenching timescales is consistent with the evolution of the SMF down to z ∼ 0.3, with different
accuracy depending on the particular survey used for calibration. We tested our model against the
observed SMFs at low redshift and it predicts residuals (observation versus model) within 1σ observed
scatter along most of the stellar mass range investigated, and with mean residuals below 0.1 dex in
the range ∼ [108.7 − 1011.7]M⊙. We then compare the SFR-M∗ relation predicted by the model with
the observed one at different redshifts. The predicted SFR-M∗ relation underpredicts the median SFR
at fixed stellar mass relative to observations at all redshifts. Nevertheless, the shapes are consistent
with the observed relations up to intermediate-mass galaxies, followed by a rapid decline for massive
galaxies.
Keywords: clusters: general - galaxies: evolution - galaxy: formation.
1. INTRODUCTION
The stellar mass function (SMF) is a fundamental
statistic in astrophysics that helps us to improve our
knowledge of galaxy formation and evolution. The SMF
directly describes the distribution of the galaxy stellar
mass, and the study of its evolution as a function of time
can provide important information on the star formation
history of galaxies.
As pointed out by many authors recently (e.g.
Leja et al. 2015; Tomczak et al. 2016; Contini et al.
2017), a peculiar aspect of the evolution of the SMF
is not yet clear, that is, its relation with the star
formation rate-stellar mass (SFR-M∗) relation (e.g.,
Tomczak et al. 2016; Contini et al. 2017 and references
therein). In fact, it is in principle possible to con-
nect the observed SMF at any redshift with the SFR-
M∗ relation to obtain the evolution of the SMF, as-
suming that all processes (not only star formation) re-
sponsible for the growth of galaxies are considered.
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A similar approach has been followed by several au-
thors (e.g., Conroy & Wechsler 2009; Leja et al. 2015;
Tomczak et al. 2016; Contini et al. 2017) and all these
studies concluded that, considering reasonable assump-
tions for mergers of galaxies and stripping of stars, which
are the most important physical processes that act on
the galaxy’s stellar mass, there still are some discrepan-
cies between the observed and modeled SMFs. Neverthe-
less, it appears now clear the need for a mass-dependent
slope for the SFR-M∗ relation in order to reconcile the
observed evolution of the SMF with that inferred by con-
necting the SFR-M∗ relation with the observed SMF at
high redshift (Contini et al. 2017 and references therein).
In accordance with these studies (e.g., Leja et al. 2015;
Tomczak et al. 2016; Contini et al. 2017), neither merg-
ers or stellar stripping altogether, nor hidden low-mass
quiescent galaxies not detected are likely to be responsi-
ble for the mismatch (which appears to be in the range
0.2-0.5 dex over the whole stellar mass range investi-
gated).
The question arises quite spontaneously: What is re-
sponsible for the mismatch? There might be several rea-
2sons, ranging from possible physical processes that we
have not understood correctly, to the correct shape of
the SFR-M∗ relation and the scatter around it, or even to
uncertainties in the observed SMF at high redshift. An-
swering this question is not an easy task simply because,
in following the above-mentioned approach, many uncer-
tainties are mutually connected. Taking advantage of
the ZFOURGE survey, Tomczak et al. (2016) generated
star-fomation histories (SFHs) of galaxies by means of
the SFR-M∗ relation redshift dependent, and integrated
the set of SFHs with time to obtain mass-growth histo-
ries to compare to those inferred from the evolution of
the SMF of Tomczak et al. (2014). Their result, despite
the reasonable agreement between the observed and in-
ferred SMFs, suggests that either the SFR measurements
are overestimated, or the growth of the Tomczak et al.
(2014) mass function is too slow, or even both.
In Contini et al. (2017) (hereafter PapI) we followed
an approach similar to that described above. In order to
match the SMF at high redshift and predict its evolu-
tion with time, we used an analytic model which consid-
ers mergers and stripping coupled with an abundance-
matching technique to set the galaxy stellar mass. The
main goal in that study was to reconcile the evolution of
the SMF coupled to the observed SFR-M∗ relation, by
including real merger trees from N-body simulations that
provide the accretion history of galaxies and a prescrip-
tion for stellar stripping. We concluded that the SFR-M∗
relation must be mass and redshift dependent, and both
mergers and stellar stripping are important processes for
the shape of the massive end of the SMF. Moreover, by
testing two different sets of SMFs coupled to the same
SFR-M∗ relation and the same modeling for mergers and
stellar stripping, we found different evolutions down to
low redshift. As a consequence, either the observed SMF
at high-z bears uncertainties too large to be conclusive
(as we concluded in PapI), or the growths of the SMF de-
scribed by different observations are not self-consistent.
In this study, we want to address this topic by follow-
ing an approach slightly different from the one used in
PapI. The core of the method remains unchanged, mean-
ing that we use merger trees constructed from the same
N-body simulation and the same prescription for stellar
stripping, and we set up the stellar mass of galaxies by
using an abundance-matching technique. In order to de-
scribe the star formation histories of galaxies, we match
the observed SMF at high redshift and assign an SFR
by means of the observed SFR-M∗ relation (as done in
PapI), but we let the SFR decay exponentially with time
according to a quenching timescale that is set for each
galaxy. 1 The goals are to:
1 In PapI we assign SFRs to galaxies according to their mass at
each time step.
1) calibrate our model with the observed SMF from
different surveys and study their evolution,
2) reduce the mismatch between the observed and in-
ferred SMFs at low redshift, and
3) compare the predicted SFR-M∗ relation with the
observed one as a function of time.
The paper is structured as follows. In Section 2 we
describe in detail our approach, the method followed,
and modeling, and we give a brief introduction to the
surveys considered. In Section 3 we show our results,
which will be fully discussed in Section 4. Finally, in
Section 5 we give our conclusions. Throughout this paper
we use the standard cosmology summarized in Section
2. The stellar masses are given in units of M⊙, and we
assume a Chabrier (2003) IMF.
2. METHODS
The simulation used in this paper is based on
Kang et al. (2012) and fully described in PapI. We refer
the readers to those papers for the details of the simula-
tion, while here we give an overview of our approach.
Similarly to the approach used in PapI, we use the
so-called subhalo abundance matching (ShAM) tech-
nique to populate dark matter haloes with galaxies
(Vale & Ostriker 2004), which is now widely used in nu-
merical simulations to connect galaxies with dark matter
structures (Guo & White 2014; Yamamoto et al. 2015;
Chaves-Montero et al. 2016 just to quote some recent
works). For more details concerning the ShAM tech-
nique, we refer readers to PapI or the studies quoted
above.
In order to study the evolution of the SMF we need
to connect galaxies with haloes at different times. De-
spite the outputs of the simulation being stored in 60
snapshots, from z ∼ 100 to the present time, we start
by matching the observed SMF at zmatch = 2.3, so that
the SMF predicted by our model is exactly the observed
one. The algorithm reads the merger trees constructed
from our simulation and links galaxies and dark mat-
ter haloes in a one-to-one correlation by firstly sorting
them in mass. As in PapI, since new haloes can form
after zmatch, we populate them with galaxies by using
the stellar mass-halo mass relation at that redshift.
After zmatch we let galaxies evolve according to their
merger histories (given by the merger trees) and to their
star formation histories. At zmatch (or the redshift when
they are born if it happens after zmatch) we assign SFRs
to galaxies by means of the SFR-M∗ relation observed
at that redshift, and we let the SFRs evolve down to
z ∼ 0.3 according to a τ model that describes the star
formation histories (SFHs) of both satellite and central
galaxies (see Section 2.1).
3Galaxies can lose a fraction of their stellar mass once
they become satellites via stellar stripping, due to grav-
itational interactions with their hosts. Our model con-
siders stellar stripping, and here we summarize the pre-
scription used for this process. For further details, we
refer the reader to PapI.
Following Contini et al. (2014), who have analyzed the
channels for the formation of the intracluster light, we
model stellar stripping in a very similar fashion, that is,
by assuming an exponential form for the stellar mass lost:
Mz=zilost =M
z=zi
∗(s1,s2)·
(
1− exp
(
−η(Mhalo)(tinfall − ti)
τs1,s2
))
,
(1)
where tinfall is the lookback time when the galaxy last
entered a cluster (i.e., became a satellite), ti is the look-
back time at z = zi, and τs1,s2 are two normalizations
arbitrarily set to 30 Gyr and 15 Gyr, respectively, for
satellites s1 associated with a distinct dark matter sub-
structure and orphan galaxies s2 (galaxies not associated
with any dark matter substructure). We set τs1 > τs2 in
order to consider the effect of dark matter in shielding
the galaxy from tidal forces (see PapI for further details).
The term η(Mhalo) is the stripping efficiency, and it pro-
vides the strength of stellar stripping as a function of the
main halo massM200, which is the mass within the virial
radius R200.
In Contini et al. (2014) we considered a second impor-
tant process for the formation of the intracluster light, i.e.
the so-called ”merger channel” (see also Murante et al.
2007). We simply assume that when two galaxies merge,
30% of the satellite stellar mass becomes unbound and
goes to the diffuse component. A similar prescription
has been used also in other semi-analytic models (see,
e.g. Monaco et al. 2007).
2.1. Model of star formation
In this section, we describe in detail how we model
the galaxy stellar mass growth from high to low redshift
due to star formation. As explained above where we
described our approach, we force the algorithm to match
the observed SMF at redshift zmatch = 2.3. In PapI
we assigned SFRs to galaxies making use of the SFR −
M∗ relations observed by Tomczak et al. (2016), which
means that each galaxy was assigned an SFR according
to its stellar mass and redshift. In this study, we model
the SFHs of galaxies in a different way:
1) We assign an SFR to each galaxy according to the
SFR −M∗ relation either at z = zmatch or, if a
galaxy forms after zmatch, at z = zform.
2) After zmatch or zform, the SFR of each galaxy
will evolve according to functional forms that take
into account information such as type (central or
satellite), stellar mass, and, more importantly, a
quenching timescale.
This approach is clearly different from the one adopted
in PapI and adds more direct information about the
time galaxies spend before being quenched. We treat
the SFHs of central and satellite galaxies separately. For
centrals, we use a prescription very similar to the one
adopted in Noeske et al. (2007), with some differences:
SFRcen(t) = SFRmatch/form · exp
(
−
t
τc
)
, (2)
where τc is the quenching timescale. τc is derived from
the following equation:
τc,s = 10
11.7
·
(
M∗
M⊙
)−1
· (1 + z)−1.5 [Gyr], (3)
where M∗ is the stellar mass at z = zmatch/form and a
random scatter in the range ±20% is assigned as a per-
turbation. Our prescription is different from the original
one (Noeske et al. 2007) in the sense that we consider
only the stellar mass (rather than the baryonic mass)
and add a redshift-dependent correction. We will come
back to the reason for this choice later.
To model the SFHs of satellites, we take advantage
of a revised version of the so-called delayed-then-rapid
quenching mode suggested by Wetzel et al. (2013), in
which the SFRs of satellite galaxies evolve like those
of centrals for 2 − 4 Gyr after infall, and then quench
rapidly. For satellites, we assume a delayed quench-
ing, after which they quench according to a quench-
ing timescale τs. The quenching timescale τs is set at
z = zmatch/form and is given by equation 3 if a galaxy
becomes satellite before zmatch, and it is set as a random
fraction between 0.1 and 0.5 of τc for the other galaxies.
These choices altogether guarantee that τs < τc for every
galaxy. Hence, the SFR of satellites evolves as described
by equation 2 if
tsince infall < tdelay ,
where tdelay is randomly chosen in the range [2-4] Gyr,
and as
SFRsat(t) = SFRmatch/form · exp
(
−
t
τs
)
(4)
thereafter. The parameter SFRmatch/form in equations
2 and 4 is set at z = zmatch/form and derived as done in
PapI, by following Equation 2 in Tomczak et al. (2016):
log(SFR [M⊙/yr]) = s0 − log
[
1 +
(
M∗
M0
)γ]
, (5)
where s0 and M0 are in units of log(M⊙/yr) and M⊙
respectively. In Equation 5 the model considers a ran-
4dom scatter in the range ±0.2 dex as a perturbation,
as suggested by A. Tomczak (2017, private communica-
tion). Tomczak et al. (2016) find that such a parame-
terization works well even if quiescent galaxies are con-
sidered. Then, as in PapI, where we showed that this
parameterization agrees fairly well with the evolution of
the SMF with time, we assume Equation 5 to be valid for
all galaxies. Hence, s0 and M0 are given by (Equation 3
in Tomczak et al. 2016)
s0 = 0.195 + 1.157z − 0.143z
2
log(M0) = 9.244 + 0.753z − 0.090z
2 (6)
γ = −1.118
Equation 5 and the set of equations 6 describe the evo-
lution with time of the SFR-M∗ relation with a mass-
dependent slope, which has been demonstrated to be
necessary in order to reproduce the evolution of the
SMF with time (see, e.g., Leja et al. 2015; Tomczak et al.
2016; Contini et al. 2017).
In this study, we have chosen to add a redshift term in
the equation that provides the quenching timescales of
both satellites and centrals. In fact, it has been proved
that the quenching timescale, at least for satellite galax-
ies, depends on the redshift (see, e.g. Tinker & Wetzel
2010; Wetzel et al. 2013) being shorter for galaxies ac-
creted at higher redshift (Contini et al. 2016). Galaxies
accreted at higher redshift tend to have a gas fraction
Mcold/M∗ larger than those accreted later, to be less
massive, and to reside in lower halo mass and eject mass
more efficiently (Contini et al. 2016). In principle, there
is no justification to use the same assumption also for
central galaxies. Nevertheless, it must be noted that in
the original version of the model we applied this correc-
tion only to satellites. The plots we will show in Section
3 are the result of the model described above, which re-
markably improved over the original version (no redshift-
dependent quenching timescale for centrals).
Our model for star formation quenching described
in this section considers both environmental and mass
quenching. The first one is explicitly included in equa-
tions 2 and 4, the quenching being much faster for satel-
lite galaxies. A sort of mass quenching (which is not that
described in Peng et al. 2010) is instead implicit in the
calculation of the quenching timescales, in a way that,
for both satellite and central galaxies, the quenching is
faster with increasing stellar mass and redshift. We will
come back to this topic in Section 4.
2.2. Surveys
In this study, we take advantage of observed high-
redshift data from three different surveys: ZFOURGE
(Tomczak et al. 2014; Straatman et al. 2016), UltraV-
ISTA (Ilbert et al. 2013) and COSMOS (Davidzon et al.
2017). These surveys differs from one another in the to-
tal area covered, mass completeness limit, and number
statistics. In this section, we want to summarize the
main aspects of each survey, and we refer the reader to
the relevant studies quoted above for further details.
The first set of data we considered in order to cali-
brate our model at z = zmatch and compare model pre-
dictions with observations at lower redshift has been con-
structed by Tomczak et al. (2014). These authors used
observations from the FourStar Galaxy Evolution Sur-
vey (ZFOURGE), which is composed of three 11′ × 11′
pointings with coverage in the CDFS (Giacconi et al.
2002), COSMOS (Capak et al. 2007) and UKIDSS
(Lawrence et al. 2007). The ZFOURGE fields also use
HST imaging taken as part of the CANDELS sur-
vey (Grogin et al. 2011; Koekemoer et al. 2011), and
in Tomczak et al. (2014), the survey has been sup-
plemented with the NEWFIRM Medium-Band Survey
(Whitaker et al. 2011).
The second set of data (from Ilbert et al. 2013) is
a merged catalog of data from different studies. The
main branch comes from a photometric catalog of near-
IR data from the UltraVISTA project (McCracken et al.
2012) and optical data from the COSMOS project
(Capak et al. 2007). COSMOS is a wide survey that cov-
ers 2deg2 area and with multiwavelength (more than 35
bands) data.The UltraVISTA DR1 data release covers
1.5deg2 in four near-IR filters Y, J, H, and Ks and pro-
vides deeper data than the previous COSMOS near-IR
datasets from McCracken et al. (2010). The major fea-
tures of the set of data used by Ilbert et al. (2013) rely
upon the large number of spectra available and, even
more importantly, on the robustness of the photometric
redshifts derived.
The third and last set of data considered comes
from the COSMOS2015 catalog (Laigle et al. 2016),
which includes ultradeep photometry from UltraVISTA
(McCracken et al. 2012), SPLASH (Capak et al. 2012),
and Subaru/Hyper Suprime-Cam (Miyazaki et al. 2012).
The COSMOS2015 catalog contains precise photometric
redshifts and stellar masses for more than half a million
objects over the 2deg2 COSMOS field, and the deepest
regions reach a 90% completeness limit of 1010M⊙ at
z = 4. It has been shown to provide a large-number
statistics due to the large volume probed and improved
depth compared with the previous versions of the cata-
log.
Due to the cross-match of different surveys in the cat-
alogs described above, for the sake of simplicity and in
order to avoid confusion, we hereafter call ZFOURGE
the first catalog, UltraVISTA the second, and COSMOS
the last. In Figure 1 we show the SMFs as obtained from
5Figure 1. SMFs shown by different surveys, at redshift z ∼ 2.3 (left panel) and z ∼ 0.3 (right panel). Although they
look very different at z = zmatch, at low redshift the three surveys and our hybrid combination agree very well.
these catalogs, at z ∼ 2.3 (which is our zmatch) in the left
panel and at z ∼ 0.3 in the right panel. At high redshifts,
the three SMFs look different, and not only in the high-
mass end where uncertainties are typically large, but also
in the stellar mass range [109.5 − 1010.5]M⊙ with residu-
als that reach around ∼ 0.3− 0.4 dex. Despite that, the
SMFs agree very well at z ∼ 0.3 up to 1011.2−11.3M⊙.
The difference between the surveys at high redshift is
mainly due to the mass completeness limit, which affects
the fit of data. The completeness limits at z ∼ 2.3 for the
surveys we have chosen are (in logM⊙) 9.0 (ZFOURGE),
10.0 (UltraVISTA), and 9.3 (COSMOS).
In order to overcome the problem of the mass com-
pleteness limit, we build another ”mock survey” that
takes advantage of the low-mass completeness limit in
ZFOURGE (which at odds does not sample the high-
mass end) and UltraVISTA (which does). We derive the
best-fit Schechter parameters by using a single Schechter
function (Schechter 1976) 2 defined as
Φ(M)dM
ln(10)
= φ∗
[
10(M−M
∗)(1+α∗)
]
exp
(
−10(M−M
∗)
)
dM
(7)
where M = log(M/M⊙), α
∗ is the slope at the low-mass
end, φ∗ is the normalization andM∗ is the characteristic
mass. A mock realisation of data has been derived as
follows. We have used the ZFOURGE fit to construct
mock data from low mass up to 1011M⊙ and the Ultra-
VISTA fit for the rest of the stellar mass range. By using
equation 7, we have calculated the best-fit Schechter pa-
rameters for this set of mock data. The ”mock survey” is
named HYBRID, and its SMF is shown in Figure 1. In
Table 1 we list the sets of parameters used to calibrate
the model at z = zmatch ≃ 2.3 with our four surveys.
3. RESULTS
2 For simplicity, we decided to use a single Schechter. Our choice
is supported by the result found in Tomczak et al. (2014), who
showed that a single Schechter function is a good approximation
of data at redshift > 2.
Table 1. Logarithm of the normalization, slope at the
low-mass end, logarithm of the characteristic mass of the
SMFs at z = zmatch and χ
2
red of the fit for the four
surveys
Survey log(φ∗) α∗ log(M∗) χ2red
ZFOURGE −3.59± 0.14 −1.43± 0.08 11.13 ± 0.13 0.30
UltraVISTA −3.29± 0.07 −1.34± 0.09 10.79 ± 0.02 0.22
COSMOS −3.18± 0.09 −1.30± 0.07 10.80 ± 0.02 0.05
HYBRID −3.25± 0.06 −1.29± 0.05 10.84 ± 0.02 0.06
We calibrate our model with each of the surveys de-
scribed above and let galaxies evolve down to z ∼ 0.3,
which is the lowest redshift for which we have observed
data to be compared with model predictions. In this sec-
tion, we study the evolution of the SMF down to z ∼ 0.3
as predicted by each flavor of the model.
The evolution of the SMF depends on our modeling de-
scribed in Section 2, and it is linked to the star formation
quenching of galaxies. Figure 2 shows several examples
of star formation rate histories (SFRH) for central (upper
panels) and satellite (bottom panels) galaxies, in differ-
ent stellar mass ranges and for a large variety of quench-
ing timescales τc and τs. The SFRH of centrals is very
regular, as shown by the exponential decline, and its am-
plitude clearly depends on the SFR at z = zmatch,form
and τc. On the other hand, the SFRH of satellites is
very diverse. A percentage of satellites have SFRHs very
similar to central galaxies, and others show SFRHs with
rapid declines after infall or even several rapid declines.
In the first case, they are satellites accreted in a short
time after either z = zmatch or z = zform, so that they
have τc ∼ τs because the galaxy itself did not have much
time to grow. In the other case, τs << τc, so the satellite
galaxy after infall keeps forming stars as a central for a
period of time in the range [2-4] Gyr and then its SFR
declines quickly. In a few cases, a galaxy experiences sev-
6eral rapid declines because it can spend some time as a
satellite and then become central again.
In Figure 3 we show the evolution of the SMF pre-
dicted by the model and compared with the observed
one, from z ∼ 1.8 to z ∼ 0.3. The model has been cal-
ibrated at zmatch = 2.3 using the observed SMF from
ZFOURGE. Model and observed data are represented
by stars and diamonds, respectively, while the dashed
lines indicate the region between ±3σ scatter observed
by Ilbert et al. (2013) (UltraVISTA survey), which we
add to the plot in order to have an idea of the shape of
the SMF in the high-mass end (data from Tomczak et al.
2014 do not go beyond [1011.25−1011.5]M⊙). Overall, the
model reproduces fairly well the evolution of the SMF
down to z ∼ 0.3. At z ∼ 1.8 and in the stellar mass
range ∼ [109 − 1010]M⊙ the SMF is slightly overpre-
dicted, while the trend changes in the knee and beyond.
Considering the scatter, it is, however, possible to assert
that the model reproduces the first gigayear of evolution.
At z ∼ 1.3 the prediction gets worse in the stellar mass
range ∼ [109.5 − 1010.3]M⊙, but still within the scatter,
while the knee and the high-mass end are well repro-
duced. This means that there are not drastic deviations
from the observed SMF after the second Gyr of evolu-
tion. At z ∼ 0.8, the predicted SMF agrees very well
with the observed one over the whole stellar mass range,
and the trend persists down to z ∼ 0.3, although the very
low mass end is overpredicted and the very high mass
end lies on the limit of the observed scatter. Hence, our
model calibrated with ZFOURGE reproduces well about
8 Gyr of evolution of the SMF.
In Figure 4 we show the predictions of our model cal-
ibrated with UltraVISTA. Model and observed data are
represented by stars and solid lines, respectively, while
the dashed lines indicate the region between ±3σ scat-
ter observed by Ilbert et al. (2013). The evolution of the
SMF appears different from that seen in Figure 3, when
the model is calibrated with ZFOURGE. At z ∼ 1.8 and
z ∼ 1.3, the knee of the SMF predicted by the model
is offset low from the observed one, while the low- and
high-mass ends are within the observed scatter. From
z ∼ 1.3 to z ∼ 0.7 (. 3 Gyr) there is a evolution of the
low-mass end in the stellar mass range [108.5−109.2]M⊙,
which persists down to z ∼ 0.3. At this redshift, the
model is able to reproduce the SMF in the stellar mass
range [109.5−1011.9]M⊙, but fails below 10
9.5M⊙, where
the number density is substantially overpredicted.
A similar picture can be drawn from Figure 5, which
shows the predictions of our model calibrated with COS-
MOS (symbols and lines have the same meaning as in
Figure 4) and a comparison with the Davidzon et al.
(2017) data. Although the scatter in this case is dis-
tributed differently, the main features seen before still
hold. At z ∼ 1.8 and z ∼ 1.3 the knee of the SMF pre-
dicted by the model is still offset low with respect to the
observed one, although the mismatch is less evident if
compared with the one found in Figure 4. From z ∼ 1.3
to z ∼ 0.7, there is still the rapid evolution of the low-
mass end in the stellar mass range [108.5 − 109.2]M⊙ as
seen in the previous case, which holds down to z ∼ 0.3.
If we compare figures 4 and 5 panel by panel, we see that
the evolution of the SMF predicted by the model cali-
brated with UltraVISTA looks remarkably similar to the
evolution of the SMF predicted by the model calibrated
with COSMOS. This is interesting since, as we can see
from Figure 1, at z = zmatch, COSMOS shows higher
number densities in the low-mass end than UltraVISTA,
and lower number densities beyond the knee. We will
come back to this in Section 4.
Figure 6 shows the SMF evolution as predicted by the
model calibrated with our mock survey HYBRID, from
z ∼ 1.8 to z ∼ 0.3 (symbols and lines have the same
meaning as in Figure 3). As explained in section 2.2,
HYBRID has been constructed by merging ZFOURGE
and UltraVISTA data, in such a way to be sensitive
to ZFOURGE data from the low-mass end to 1011M⊙,
and to UltraVISTA in the high-mass end. For this rea-
son, the evolution of the SMF in the stellar mass range
[108.5−1011.]M⊙ is almost identical to the one predicted
by the model calibrated with ZFOURGE, and the only
appreciable difference arises in the high-mass end. In
fact, at all redshifts shown, the high-mass end predicted
by the model calibrated with HYBRID is closer to the
average number density rather than to the upper limit,
as predicted by the model calibrated with ZFOURGE.
Overall, the two surveys provide very similar evolutions.
In order to better judge the goodness of each predic-
tion, it is necessary to quantify the deviation of the model
from the observed data. We address this point in Figure
7, where we plot the residuals, that is, the difference be-
tween the logarithm of the observed number density and
the logarithm of the predicted number density for the
model calibrated with our surveys, at z ∼ 0.3. In each
panel, stars (and diamonds in the top left and bottom
right panels) represent the residuals, while with dashed
and dash-dotted lines we plot the 1σ and 3σ observed
scatter, respectively. As commented above, ZFOURGE
is very close to HYBRID and UltraVISTA to COSMOS.
What appears to be very interesting is the level of ac-
curacy of the predictions after about 8 Gyr of evolution
of the SMF. It is worth discussing them one by one. In
the top left panel of Figure 7, we show the residuals be-
tween ZFOURGE and the model. In the stellar mass
bin [109.3 − 1011.5]M⊙, residuals lie within 1σ observed
scatter, and most of them are very close to zero. If we
consider 3σ (observed scatter), only the first two data
points lie outside it. We calculated the mean residual
over the stellar mass range shown, and the same quan-
7Figure 2. Several examples of star formation rate histories for different kinds of galaxies: centrals with logM∗ ∼ 11
(top left panel), centrals with logM∗ ∼ 11.7 (top right panel), satellites with logM∗ ∼ 9.5 (bottom left panel) and
satellites with logM∗ ∼ 10.5 (bottom right panel). Both centrals and satellites have been chosen such that the full
samples could show a wide variety of τc and τs.
tity not considering the two largest residuals (which are
always the first and last data points in all panels). In the
case of ZFOURGE, the mean residual is 0.15 dex, which
reduces to 0.09 dex if we do not consider the first and
last data points (see Table 2).
Residuals remarkably increase in the top right (Ultra-
VISTA) and bottom left (COSMOS) panels. Here the
model reproduces very well the SMF in the stellar mass
range [109.5−1011.5]M⊙, but residuals are very large out-
side this range of mass. Indeed, as reported in Table 2,
the mean residuals (both cases) are much larger than
those discussed above (ZFOURGE). As one can expect,
in the case of HYBRID, residuals are very close to those
shown in the top left panel (ZFOURGE) and somewhat
lower for the first two and last data points. In the case of
HYBRID, the mean residual is 0.12 dex, which reduces
to 0.09 dex if we do not consider the first and last data
points (see Table 2).
These results are remarkably important considering
that no study so far, focused on this topic and following
a similar approach (e.g., Leja et al. 2015; Tomczak et al.
2016; Contini et al. 2017), has found an average resid-
Table 2. Mean residuals (in dex) at z ∼ 0.3 between the
observed and model SMFs, considering all data points
(first line), and the same but excluding the two most
deviant points
(second line).
Survey HYBRID ZFOURGE UltraVISTA COSMOS
– 0.12 0.15 0.24 0.22
– 0.09 0.09 0.16 0.14
ual lower than ∼ 0.3 dex. In the light of this, in the
next section we will fully discuss these results and their
importance to the goals of this study.
4. DISCUSSION
As discussed in Section 1, many attempts have been
made in recent years to reconcile the evolution of the
SMF with the observed SFR −M∗ relation. The large
amount of effort spent on this topic by several authors
resulted in the conclusion that the slope of the SFR−M∗
relation must be mass and redshift dependent. Moreover,
8Figure 3. Evolution of the SMF from z ∼ 1.8 down to z ∼ 0.3 predicted by our model calibrated on the ZFOURGE
survey at zmatch = 2.3. Stars and diamonds represent model and observed data, respectively, while the dashed lines
represent the Ilbert et al. (2013) fit of UltraVISTA data in the high-mass end (3σ range).
this relation alone cannot explain the evolution of the
SMF, but other physical processes responsible for galaxy
growth, such as mergers and stellar stripping, must be
taken into account. Nevertheless, once any possible pro-
cess is properly considered, there is still a nonnegligible
mismatch between the observed SMF and the predicted
one. Understanding the reason behind that is the main
goal of this study.
Recently, Steinhardt et al. (2017), by means of an an-
alytic model, focused on the low-mass end of the SMF
and confirmed that the growth of galaxies along the main
sequence alone cannot reproduce the observed SMF. As
a possible solution, they suggest that mergers are also
necessary to describe the growth of galaxies in the stel-
lar mass range they investigated. This is qualitatively
in good agreement with Tomczak et al. (2016), but not
quantitatively. In fact, Tomczak et al. (2016) show that
mergers can help to lower the discrepancy between the
observed and inferred SMFs if low-mass galaxies merge
with more massive galaxies, but the rate required would
imply that between 25% and 65% of low-mass galaxies
have to merge with a more massive galaxy per gigayear.
This rate appears to be too high if compared with current
estimates of galaxy merger rates (e.g. Lotz et al. 2011;
Williams et al. 2011; Leja et al. 2015). In PapI, besides
mergers, we considered stellar stripping. We showed that
mergers and stellar stripping have opposite effects, and
a full modeling alleviates the discrepancies between the
observed and theoretical SMF, but not enough for a full
match (within the observed scatter) along the whole stel-
lar mass range investigated.
Several arguments have been invoked in order to ex-
plain the residuals between the two SMFs, which ap-
pear to be a function of redshift and stellar mass. The
most credible ones rely on the accuracy in the measure-
ments of both stellar mass and SFR (Leja et al. 2015;
9Figure 4. Evolution of the SMF from z ∼ 1.8 down to z ∼ 0.3 predicted by our model calibrated on the UltraVISTA
survey at zmatch = 2.3. Stars represent model data, while the dashed lines represent the Ilbert et al. (2013) fit of the
UltraVISTA data (3σ range).
Tomczak et al. 2016; Contini et al. 2017). In fact, in
PapI we showed that once we reduce zmatch we obtain a
better agreement at low redshift, which means that either
measurements of stellar mass and SFR at lower redshift
are less affected by uncertainties, or the scatter along
these measurements has less time to propagate as time
passes. Tomczak et al. (2016) let the SMF evolve for a
limited amount of time and for different redshift bins,
finding residuals similar to what we find in PapI. They
conclude that either the SFR measurements are overes-
timated or the growth of the Tomczak et al. (2014) mass
function is too slow, or both.
One of the goals of this study is to considerably re-
duce the residuals between the observed and inferred
SMFs. In order to do it, we slightly changed the ap-
proach followed in PapI, and rather than assigning SFRs
according to the SFR −M∗ relation at each time step,
the model builds SFHs that depend on the galaxy type,
stellar mass, and quenching timescale. As shown in Sec-
tion 3, the same model calibrated with different surveys
leads to different evolutions of the SMF. This implies that
there might be an intrinsic inconsistency in the growth of
the SMF described by the same survey. As pointed out
in PapI, the inferred evolution of the SMF is sensitive
to the shape of the observed SMF at z = zmatch. The
differences in the evolution of the SMF from our four
surveys are mainly the consequence of the gap between
them in the low-mass end at z = zmatch (left panel of
Figure 1). COSMOS and UltraVISTA show at z ∼ 0.3
the largest residuals in the low-mass end, because they
are also higher than ZFOURGE and HYBRID in the very
low mass range at z = zmatch
3.
The calibration of the model with the observed SMF
3 It must be noted that our model intrinsically predicts an higher
number of low-mass galaxies, regardless of the survey chosen for
calibration. This issue is discussed in the Appendix.
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Figure 5. Evolution of the SMF from z ∼ 1.8 down to z ∼ 0.3 predicted by our model calibrated on the COSMOS
survey at zmatch = 2.3. Stars represent model data, while the dashed lines represent the Davidzon et al. (2017) fit of
the COSMOS data.
at z = zmatch is not trivial. High number densities in the
low-mass range will end up in too many galaxies at low
redshift. The calibration is then very sensitive to both
the slope α∗ and the normalization φ∗ of the SMF. The
observed SMFs agree at z ∼ 0.3 and those predicted by
the model show minimal residuals in most of the stel-
lar mass range at the same redshift. This means that
the small (but appreciable) offset seen at z = zmatch in
the low-mass range affects the evolution of the modeled
SMFs in the low-mass range only, while the offset in the
rest of the stellar mass range can explain the different
residuals among the modeled SMFs in the high-mass end.
To test the importance of the calibration of the model,
we introduced a mock survey called HYBRID, which
is, as explained in Section 2.2, a combination between
ZFOURGE (sensitive to the low-mass end and interme-
diate mass) and UltraVISTA (sensitive to the high-mass
end). The evolution of the SMF predicted by the model
calibrated with HYBRID is very consistent with the evo-
lution of the SMF predicted by the model calibrated with
ZFOURGE. This strengthens the above argument that
a minimal offset in the low-mass end at z = zmatch can
remarkably affect the evolution of the SMF down to low
redshift in the same stellar mass range.
ZFOURGE and HYBRID show the smallest average
residuals at z ∼ 0.3, which are one-half of the ones shown
by COSMOS and UltraVISTA (see Table 2). This is
completely due to the residuals in the low-mass end (see
Figure 7). In fact, if we only consider the stellar mass
range [109.4 − 1011.5]M⊙, the mean residuals are very
similar and between 0.04 and 0.06 dex for all the sur-
veys. In a stellar mass range spanning over two orders of
magnitude, our model predicts an SMF at z ∼ 0.3 very
close to the observed one and within 1σ observed scatter.
If we consider the whole stellar mass range investigated,
∼ [108.5 − 1011.9]M⊙, our average residuals are still be-
11
Figure 6. Evolution of the SMF from z ∼ 1.8 down to z ∼ 0.3 predicted by our model calibrated on our HYBRID
survey (combination of ZFOURGE and UltraVISTA, as explained in the text) at zmatch = 2.3. Stars and diamonds
represent model and observed data, respectively, while the dashed lines represent the Ilbert et al. (2013) fit of the
UltraVISTA data in the high-mass end.
low any other found in the past studies and, especially
in the case of ZFOURGE (as well as HYBRID), are par-
ticularly small (≤ 0.15 dex). The improvement with re-
spect to the results found in PapI is tangible (see Fig.
5 of PapI), where, in the case of ZFOURGE, residuals
lie within the observed scatter in the stellar mass range
∼ [1010 − 1011.3]M⊙.
Our new model can make a prediction of the evolution
of the SFR−M∗ relation as a function of time, since the
SFR is only initialized at zmatch or zform, and the SFH
of each galaxy will depend on the time spent as a central
or satellite and therefore on its quenching timescales τc
and τs. We show the prediction of our model in Figure
8, from z ∼ 1.8 to z ∼ 0.3. The solid lines represent
the median SFR at each redshift, and the dashed lines
show the 16th and 84th percentiles of the distribution,
while the dash-dotted lines indicate the 1σ scatter of the
observed relation by Tomczak et al. (2016) that we use
for comparison. What appears to be relevant is the slope
of the SFR−M∗ relation predicted by the model, which
is consistent with the observed one at any redshift up to
intermediate-mass galaxies. The SFR reaches a peak and
then drops in the stellar mass range of massive galaxies,
and the peak moves toward higher mass as the redshift
decreases. This is because galaxies grow in mass (move to
the right of the plot), and a large part of massive galaxies
are centrals (slower quenching). Another interesting fea-
ture concerns the comparison with the observed relation.
Our predictions are indeed biased low with respect to the
observed ones at every redshift, which implies that the
model on average requires a lower SFH for each galaxy
to fairly match the SMF at low redshift.
The features shown in Figure 8 are independent of the
calibration (no dependence on the survey), and this has
12
Figure 7. Residuals between the observed SMF and our model calibrated on them at z ∼ 0.3. In each panel, stars
(and diamonds in the top left and bottom right panels) represent the residuals, while with dashed and dash-dotted
lines we plot the 1σ and 3σ scatter (observed), respectively.
an important consequence. In fact, assuming that the ob-
served SFR−M∗ relation at z ∼ 0.3 is well constrained,
the model would require a higher normalization of the re-
lation at any redshift, that is, also at zmatch. This means
that, in order to match the SMF at low redshift, either
the quenching timescales must be somehow shorter in or-
der to recover the SFR−M∗ relation at any redshift, or
the SFRs at zmatch are underestimated, or a combination
of the two. By looking at the evolution of the SMF (in-
dependently of the survey), SFRs down to z ∼ 1.3 do not
seem to be underestimated since the predicted SMF lies
above the observed one from the low-mass end to stel-
lar masses around 1010.5M⊙. In these redshift and stel-
lar mass ranges, the model would require either shorter
quenching timescales or lower SFRs. Below z ∼ 1.3, the
evolution of the SMF is consistent with our modeling of
the quenching timescales, which in turn brings to lower
SFRs than observed. In PapI we show that the combi-
nation of the SMF and SFR−M∗ relation measured by
ZFOURGE leads to overpredicting, on average, the num-
ber densities at low redshift. As found by Tomczak et al.
(2016), who took advantage of the same survey, there is
an inconsistency between stellar mass and SFR measure-
ments, which agrees with our results in PapI.
In the light of the results found in this study, and con-
sidering the parameter space used by the model, it is not
possible to a priori state which of the two relevant mea-
surements, stellar mass or SFR, is not consistent with
the global evolution of the SMF. However, if the observed
SMF at zmatch is correct, the SFR −M∗ relation must
have a lower normalization at any redshift investigated
in order to reproduce the observed SMF at low redshift.
On the other hand, if we trust the relation between SFR
and stellar mass as a function of redshift, the observed
13
Figure 8. SFR−M∗ relation from z ∼ 1.8 to z ∼ 0.3. The solid lines represent the median SFR at each redshift,
while the dashed lines show the 16th and 84th percentiles of the distribution. We compare our predictions with the
1σ scatter region (dash-dotted lines) of the observed relation by Tomczak et al. (2016).
evolution of the SMF has to be faster. Considering that
we used three different surveys (and a mock combina-
tion of two of them) and the above picture holds for
each survey, it is plausible to support the first scenario,
that is, the observed SFRs are overestimated (see, e.g.,
Wilkins et al. 2008; Kang et al. 2010).
For the sake of clarity, we must also note that our mod-
eling does not explicitly consider any prescription for the
mass quenching as described in Peng et al. (2010). In
that work, mass quenching is intended as the quenching
of star forming galaxies around and above φ∗ that follows
a rate statistically proportional to the star formation rate
(see their equation 17). Their model aims to consider
the quenching given by internal feedback, such as super-
nova and active galactic nucleus feedback. Despite the
goal being the same, in this work we consider a mass-
dependent quenching, where the time scale for quenching
is inversely proportional to the galaxy stellar mass (faster
quenching for more massive galaxies). These two defini-
tions are conceptually different and likely the reason why
(or at least in part) we overpredict the number density
of very massive galaxies, but both aim to consider the
internal feedback that quenches galaxies. Moreover, we
must note that, on one hand, our analytic definitions for
the quenching timescales are theoretically valid, but on
the other hand, they are also quite arbitrary in nature.
5. CONCLUSIONS
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We have studied the evolution of the SMF from z ∼ 2.3
to z ∼ 0.3 as predicted by an analytic model cali-
brated with observed data. We set the model in or-
der to perfectly match the observed SMF at zmatch, as-
sign an SFR to galaxies by means of the SFR-M∗ re-
lation at zmatch or zform, and let the SFRs evolve ac-
cording to functional forms that mainly depend on two
characteristic quenching timescales. We took advan-
tage of observed SMFs from four surveys: ZFOURGE
(Tomczak et al. 2014), UltraVISTA (Ilbert et al. 2013),
COSMOS (Davidzon et al. 2017), and a mock combina-
tion of ZFOURGE and UltraVISTA that we have called
HYBRID. From the predictions of our model, we can
conclude the following:
• The inferred evolution of the SMF is in good agree-
ment with the observed one, and the level of accu-
racy of our modeling mostly depends on the sur-
vey used for the calibration. We confirm the result
found in PapI: the same model calibrated with dif-
ferent surveys leads to different evolutions of the
SMF, which are very sensitive to the shape of the
observed SMF at z = zmatch, and in particular to
the low-mass end at z = zmatch. Although the four
observed SMFs at z = zmatch look different, they
evolve to the same observed SMF at z ∼ 0.3, which
implies an intrinsic inconsistency in the growth of
the SMF described by the same survey.
• Our new model brings to a much better agree-
ment between the observed and inferred SMFs at
z ∼ 0.3 with respect to previous results. In fact,
the residuals between the two SMFs are located
within 1σ observed scatter in most of the stellar
mass range investigated, and within 3σ in almost
the whole range. HYBRID and ZFOURGE are
those which provide the smallest mean residuals,
around 0.12/0.15 dex, which reduce to 0.09/0.09
dex if we do not consider the very first and last
data points.
• The SFR − M∗ relation predicted by our model
is offset low with respect to the observed one
(Tomczak et al. 2016) at any redshift and in-
dependent of the calibration at z = zmatch.
Tomczak et al. (2016) find that either the evolu-
tion of the observed SMF is too slow or the SFR
measurements are overestimated. As discussed in
Section 4, the latter is more plausible since the pre-
diction of the SFR−M∗ relation does not depend
on the survey used to calibrate the model.
Considering the fact that our model produces fairly well
about 8 Gyr of evolution of the SMF (with average resid-
uals between 0.04 and 0.06 dex in the stellar mass range
[109.4− 1011.5]M⊙), the improvement over PapI and pre-
vious studies is remarkable. However, in order to inves-
tigate if the relation between the quenching timescales
and stellar mass (with redshift) predicted by the model is
quantitatively and qualitatively correct, in a forthcoming
paper we aim to apply the model to reproduce the evo-
lution of the SMF of star-forming and quiescent galaxies
separately. We will make use of a color separation in
order to split our sample into the two subpopulations of
galaxies, and we will test our model predictions against
several observed quantities, such as the fraction of quies-
cent galaxies as a function of stellar mass and redshift.
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APPENDIX
A. TESTING THE LOW-MASS END
The low-mass end of the SMF, below approximately logM∗[M⊙] ∼ 9.3 − 9.4 depending on the survey used to
calibrate the model, is not well constrained. The residuals in this stellar mass range are perceptibly higher than the
others, with the exception of the very high mass end, at low redshift. In principle, this can be a consequence of
the fact that the slope of the observed SMF at z ∼ 2.3 that we use to calibrate the model is too steep. However,
for UltraVISTA and COSMOS, as we can see in Figs 4 and 5, the low-mass end starts to diverge already between
z ∼ 1.8 and z ∼ 1.3, while this is not seen in the case of ZFOURGE and HYBRID, where the low-mass end starts
to diverge at z ∼ 0.3. Another additional explanation for the divergence of the low-mass end comes directly from the
merger trees and the way the model populates subhaloes with galaxies. In fact, it is well known that merger trees
extracted from N-body simulations usually predict too many low-mass subhaloes that survive down to the present
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Figure A9:. Residuals between the observed SMF and our model calibrated on them at z ∼ 0.3, obtained by quenching
low-mass galaxies below a given mass cut (different for different surveys, see text). In each panel, stars (and diamonds
in the top left and bottom right panels) represent the residuals, while with dashed and dash-dotted lines we plot the
1σ and 3σ scatter (observed), respectively.
day (see, e.g., Lapi et al. 2017 and references therein). A rough way to test whether it is possible to find a better
agreement between the observed and predicted SMFs at low redshift in the low-mass end would imply the suppression
or quenching of newborn galaxies residing in such subhaloes. In order to understand the limit of our modeling, we run
the four flavors of the model calibrated with our surveys by adding a stellar mass cut below which galaxies that form
after z = zmatch are not allowed to form stars anymore and quench instantly. Figure 9 shows the residuals between the
observed and predicted SMFs for all models as a function of stellar mass, at z ∼ 0.3. The cut in stellar mass has been
chosen (for each model) such that data points below logM∗[M⊙] = 9 in Figure 9 stayed within 2σ observed scatter.
Not surprisingly, we find that the model calibrated with different surveys requires different cuts. HYBRID is the one
that requires the lowest cut, logMcut[M⊙] < 7.75, while the other three require logMcut[M⊙] < 8.15 (ZFOURGE)
and logMcut[M⊙] < 8.20 (for both UltraVISTA and COSMOS). Moreover, these cuts bring the mean residual (not
considering the very last data point of the high-mass end) below 0.1 dex for all models and a much better agreement
with observations in particular for the model calibrated with UltraVISTA and COSMOS, which are the surveys that
show the highest number densities below logM∗[M⊙] = 8.5 at z = zmatch. This is also the reason why the cut in mass
is higher in these two cases. To conclude, we must note that such cuts have a negligible effect in the rest of the stellar
mass range.
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